Ruminococcus flavefaciens adhered instantly to cellulose, while Fibrobacter succinogenes had the highest percentage of adherent cells after about 25 min of contact between bacteria and cellulose. Adhesion of R. flavefaciens was unaffected by high concentrations of sugars (5%), temperature, pH, oxygen, metabolic inhibitors, and lack of Na+. In contrast, the attachment was affected by the removal of divalent cations (Mg2+ and Ca2+), the presence of cellulose derivatives (methylcellulose and hydroxyethylcellulose), and cystine. Adhesion of F. succinogenes was sensitive to low and high temperatures, high concentrations of glucose and cellobiose (5%), hydroxyethylcellulose (0.1%), redox potential, pH, lack of monovalent cations, and the presence of an inhibitor of membrane ATPases or lasalocid and monensin. Cells of F. succinogenes heated at 100°C no longer were adherent. On the other hand, adhesion was insensitive to the lack of divalent cations (Mg2+ and Ca2+), the presence of 2,4-dinitrophenol, tetrachlorosalicylanilide, or inhibitors of the electron transfer chains. Adhesion of F. succinogenes seems to be related to the metabolic functions of the cell. External proteins and/or cellulases themselves might play a part in the attachment process. Several mechanisms are probably involved in the adhesion of R. flavefaciens, the main one being the interaction between the large glycocalyx and the divalent cations Ca2' and Mg2+. Hydrophobic bonds and enzymes may also be involved.
In the rumen, fibrolytic microorganisms rapidly colonize plant particles after their ingestion (2, 19) . Adhesion of cellulolytic bacteria brings the cell into close contact with its specific substrate and concentrates hydrolytic enzymes on cellulose. Several qualitative electron microscopic studies have been done on adhesion of the three dominant ruminal cellulolytic bacteria to cellulose and plant cell walls (3, 4, 8, 9, 11, 13, 17, 19, 22) . The influence of some physicochemical factors on the adhesion of these bacteria has been investigated (14, 20, 21, 24, 27, 32) . The adherence process of these species, however, is still unknown. Ruminococcus albus and Ruminococcusflavefaciens possess a large glycocalyx that is mainly glycoproteic (19) . The integrity of the cell coat would seem to be essential for their adhesion since the action of periodate or pepsin prevents bacterial adhesion (18) . On contact with the substrate, the coat is often thicker than on the free surface of the bacterium, as the result of a stretching of the extracellular material (1) . The glycocalyx of Fibrobacter succinogenes, formerly Bacteroides succinogenes (23) , unlike that of R. flavefaciens and R. albus, is very thin (19) . The bacterium seems to make up for the small quantity of this extracellular material by the flexibility of the cell wall, which enables it to conform to the topography of the substrate. F. succinogenes also has fine filaments that link the cells and might be involved in the adhesion to cellulose (15) . In old cultures, small vesicles deriving from the bacterial outer membrane have been observed in close contact with cellulose (13) . These 69280 Marcy l'Etoile, France. but not proved that they are involved in bacterial adhesion (11) .
The aim of this work was to compare the effects of some abiotic factors on the adhesion of F. succinogenes and R. flavefaciens to cellulose.
MATERIALS AND METHODS
Bacterial strains used. We studied the effects of all factors on R. flavefaciens 007 and F. succinogenes subsp. succinogenes S85 (ATCC 19169) , kindly provided by C. S. Stewart (Rowett Research Institute, Aberdeen, United Kingdom) and M. P. Bryant (University of Illinois, Urbana-Champaign), respectively.
We also investigated the effects of some of these factors (see Results) on the adhesion of the following newly isolated ruminal cellulolytic strains provided by K 1. e Hemin (0.1 g) is dissolved in 10 ml of ethanol and then brought to 1,000 ml with 0.05 M NaOH.
fResazurin (0.1 g) is dissolved in 100 ml of distilled water. g Final pH 7 is adjusted with 3 M NaOH.
All strains were cultured under 100% CO2 in Hungate tubes (16 by 25 mm; Bellco Glass, Inc., Vineland, N.J.) containing 9 ml of medium and sealed with butyl stoppers. Cellobiose was the sole energy source in the media.
Determination of percentage of bacteria attached to cellulose. The effects of the different factors were investigated when bacterial growth was at the end of the exponential phase. At this time, the optical density was usually between 0.6 and 0.7 for R. flavefaciens and 1.2 and 1.3 for F. succinogenes. The bacterial cultures were centrifuged at 3,500 x g for 10 min. The supernatant was decanted, and the pellet was suspended in 9 ml of medium of the same composition containing the test factor and without cellobiose and resazurin, which may have modified optical density readings.
The percentage of bacteria adhering to cellulose was calculated by the method of Minato and Suto (20) , which consists of measuring the optical density of the culture before and after the addition of cellulose. Optical density was read at 600 nm. We studied adhesion to microcrystalline cellulose Avicel (microcrystalline cellulose for chromatography; Macherey Nagel, Duren, Federal Republic of Germany) added at a concentration of 0.2%. At (Table 1 ). For R. flavefaciens, an amino acid solution containing isoleucine, leucine, and valine (100 mg of each per 100 ml of distilled water) was added at a concentration of 1% to satisfy its nutritional requirements (6) . After centrifugation, the pellet was resuspended in 9 ml of Ml medium containing no resazurin or cellobiose and lacking Ca2+, Mg2+, or both. The mineral composition of the medium was as follows (grams per 100 ml): KH2PO4, 0.6; (NH4)2SO4, 1.2; NaCl, 1.2; KCl, 0.6. In addition, MgSO4-7H20 was added at a concentration of 0.12 g/100 ml to the medium lacking Ca2+ and CaCl2 2H20 was added at a concentration of 0.06 g/100 ml to the medium lacking Mg2 . The bacterial cells were centrifuged two more times and resuspended after each centrifugation in their respective media. At the same time, controls containing Ca2+ or Mg2+ were prepared.
(vi) Effect of pH. Adhesion of R. flavefaciens 007 and F. succinogenes S85 was studied in a pH range of 3.5 to 9 and 4.5 to 7, respectively, at intervals of 0.5 unit. After centrifugation, R. flavefac iens and F. succinogenes were suspended in the medium of Scott and Dehority (31) and in Ml medium, respectively, containing no cellobiose, no resazurin, and no buffer (NaHCO3). The medium of Scott and Dehority (31) was adjusted to the required pH with 3 M NaOH or with 1 M HCI. In Ml medium, a double concentration of NaCl and 8 ml of 3 M NaOH per liter were added to compensate for the sodium lost by removal of the buffer. Then the required pH was adjusted with 3 M KOH or with 1 M HCl. This was done since upon total sodium deprivation F. succinogenes did not adhere at all (see Results). Experi (ix) Effect of sodium and gas phase. R. flavefaciens 007 was grown on Ml medium containing amino acids as detailed above. Two media were tested: medium Ml and medium Ml -Na from which all sodium sources had been removed and the pH adjusted to 7 with 3 M KOH. Both were tested under a gas phase of 100% N2 or 100% CO2.
Adhesion of F. succinogenes S85 was studied on the following media: medium Ml -Na from which all sodium sources had been removed; medium Ml + NaHCO3 in which the sodium was added at a concentration of 50 mM in the. form of NaHCO3; medium Ml + Na2CO3 in which the sodium was added at a concentration of 50 mM in the form of Na2CO3; medium Ml + NaCl in which the sodium was added at a concentration of 50 mM in the form of NaCl; medium Ml + KHCO3 in which no sodium ions were added to the medium (the concentration of KHCO3 was calculated so that the supply of HCO3-ions was the same as that in the medium Ml + NaHCO3); medium Ml + LiCl in which no sodium was added to the medium and lithium was added at a concentration of 50 mM.
All the media were prepared under 100% N2. The medium with LiCl and those without sodium were also prepared under 100% CO2. When NaCl was removed from the mineral solution, it was replaced by the same concentration of KCI. In all media, the pH was adjusted to 7 with 3 M KOH.
We also studied the adhesion of the bacteria on medium Ml under 100% N2 or 100% CO2. The latter was considered a control.
(x) Effect of metabolic inhibitors. We tested monensin and lasalocid (ionophore antibiotics) at a concentration of 0.02 mM, 2,4-dinitrophenol and tetrachlorosalicylanilide (protonophores) at concentrations of 1.6 and 0.02 mM, respectively, N,N'-dicyclohexylcarbodiimide (DCCD) (inhibitor of membrane ATPases) at a concentration of 0.02 mM, antimycin A and hydroxyquinoline-N-oxide at a concentration of 0.1 mM, and sodium azide at a concentration of 40 mM (the latter three are all inhibitors of electron transfer chains).
These inhibitors were added to the bacterial culture and left in contact with the bacteria for 10 min before the addition of cellulose. Sodium azide was dissolved in distilled water, hydroxyquinoline-N-oxide was dissolved in dimethyl sulfoxide, and the other inhibitors were dissolved in ethanol. Control cultures containing ethanol or dimethyl sulfoxide at the same concentrations as in the test tubes were made to check the eventual effects of these compounds. The final concentration of dimethyl sulfoxide or ethanol in the bacterial culture was less than 1 or 3%, respectively. RESULTS F. succinogenes had the highest percentage of adherent cells at the end of the exponential growth phase, while R. flavefaciens adhered in the early exponential phase. Thereafter, the adhesion of F. succinogenes fell abruptly, whereas the high percentage of adherent ruminococci was maintained until the late stationary phase ( Fig. la and b At low concentrations (0.1 to 1%), carbohydrates had no effect on the adhesion of the two species. At a concentration of 5%, the adhesion of R. flavefaciens was slightly depressed while that of F. succinogenes was partly affected by xylose and mannose and more by cellobiose and glucose (Table 4) . There was a considerable decrease in the adhesion of F. succinogenes after it had been transferred several times on cellobiose or glucose at a high concentration (4%). The number of adherent cells of F. succinogenes decreased by 60, 67, and 80% after 1, 5, and 10 transfers, respectively, on a high concentration (4%) of cellobiose. On 4% glucose, whatever the number of transfers, there was only a 35% decrease. Hydroxyethylcellulose partly inhibited the adhesion of F. succinogenes and greatly inhibited that of R. flavefaciens, while MC only inhibited the adhesion of R. flavefaciens and CMC had no effect on either species (Table   4) .
Only the attachment of R. flavefaciens was affected by a lack of divalent cations ( Table 4 ). Deprivation of either Ca2" or Mg2" had little effect, but the lack of both cations inhibited adhesion to a greater extent ( Table 4 ). The number of adherent cells of F. succinogenes increased regularly from pH 4.5 to 6.0 (30% of adherent cells at pH 4.5, 80% at pH 6.0), remained stable between pH 6.0 and 7.0, and fell abruptly at pH 7.5 (25% of adherent bacteria). The adhesion of R. flavefaciens was stable at pHs between 3.5 and 7.5, decreased at pH 8.0 (40% of adherent cells), and remained the same at pH 8.5 and 9.0. After 5 min of exposure to air, 80% inhibition of adherent cells of F. succinogenes S85, LRS095, and LRS128 was observed. After 1 h, adhesion was completely inhibited. Adhesion of R. flavefaciens 007 was little affected by the presence of oxygen, but strains 083 and 131 were slightly inhibited: 25% after 5 min and 35% after 1 h of exposure.
The percentage of adherent bacteria of F. succinogenes decreased with oxidation of the medium compared with the control (medium with cysteine and under 100% CO2. -250 mV). It decreased by 20% in medium without cysteine under 100% CO2 (-150 mV), by 80% in medium with cysteine under aerobic conditions (-50 mV), and by 90% in medium without cysteine under aerobic conditions (+100 mV). Ad- hesion of R. flavefaciens was not greatly affected by redox potential ( Table 5 ). The presence of cysteine or Na2S under aerobic conditions almost completely inhibited adhesion of the ruminococci (Table 5) .
Under a nitrogen atmosphere and in the absence of sodium ions, F. succinogenes did not adhere to cellulose (20% of adherent bacteria compared with control values). An atmosphere of CO2 or the presence of Na+ was required for the adhesion of this species. In its effect, Li' could substitute for Na+ (Table 6 ). The adhesion of the bacterium was also strongly inhibited by DCCD and by certain ionophore antibiotics (Table 7) . At the same concentration, the effect of lasalocid was greater than that of monensin. The other protonophores and inhibitors of the electron transfer chains did not significantly alter the percentage of adherent bacteria.
Adhesion of R. flavefaciens was little affected by the absence of sodium ions in the medium (90% adherent cells compared with the control) ( Table 6 ) or by the action of the different metabolic inhibitors tested (Table 7) . DISCUSSION From the various quantitative techniques used for the determination of bacterial adhesion, we chose that described by Minato and Suto (20) because it is simple, rapid, reproducible, and allows the study of many factors. While it is true that with this method nonadherent bacterial cells may be entrapped within cellulose during centrifugation (27) , this should not be considered a major drawback. If large numbers of cells were to be entrapped during centrifugation, strong inhibitory factors would never be found; yet we observed that adhesion of R. flavefaciens in the presence of cysteine in aerobic medium and that of F. succinogenes in the presence of several factors (Na+ deprivation under an atmosphere of N2, presence of oxygen) were almost completely inhibited. Furthermore, in each assay we compared our results with those of controls lacking the factor the effect of which was to be studied.
R. flavefaciens adheres in less than 1 min to cellulose, which suggests that the adherence process involves a structure that is an integral part of the bacterial cell. The adhesion (3), who observed by electron microscopy a larger number of F. succinogenes adherent to plant cell walls during the later stages of cellulolysis. The sudden drop in the percentage of adherent cells of F. succinogenes at low and high temperatures is reminiscent of an enzymatic type of bacterium-cellulose linkage. This is further suggested by the fact that adhesion reached its maximum at the end of the exponential phase, i.e., when enzyme production is at its maximum.
The carbohydrates studied, all constitutive elements of the polyosides of the plant cell walls, had an inhibitory effect on adhesion only at a high concentration (5%), which indicates that they have a weak specificity for possible receptors of the bacterial wall. The inhibitory effect of glucose and cellobiose on F. succinogenes at high concentrations may be due to a retroactive inhibitory effect of these sugars on enzymatic activity and strongly suggests that the cellulases of F. succinogenes are involved in the adherence process. After 10 transfers on these sugars at 4%, we observed that this species was still able to degrade filter paper. Furthermore, Taylor et al. (33) have recently shown that these sugars can repress certain cellulase genes of the bacterium. As for R. (26) . Under our experimental conditions, F. succinogenes was in contact with cellulose Avicel for 25 min, and this might explain why our results were different. They might also be due to the bacterial strains and the cellulose source used. Morris (24) recently observed that the adhesion of R. albus differed according to strains, while Wood et al. (35) have shown that the cellulases of this bacterium varied in size depending on the energy source. However, our results on the effect of MC on R. flavefaciens are in agreement with those of Rasmussen et al. (27) . We also observed an eluting effect of MC (V. Roger and G. Fonty, unpublished data) against this bacterium. Rasmussen require the intact metabolic functions of the bacteria. Indeed, the adhesion decreases in the absence of Na, which is necessary for growth and glucose uptake (12, 29) , and is almost completely inhibited by oxygen. This finding was confirmed by the observation that heat-treated cultures (100°C for 10 min) do not adhere and is another argument in favor of the participation of proteins in adhesion. The effect of redox potential supports this hypothesis; the more the medium is oxidized, and thus incompatible with the survival of the bacterium, the fewer bacteria there are adhering to cellulose. DCCD, which alkylates the carboxyl groups, might act by inhibiting ATPases or altering a protein involved in the adhering process. However, Gong and Forsberg (14) recently demonstrated that the carboxyl groups of a protein do not play an important role in adhesion. Thus, DCCD seems to inhibit adhesion via an inhibition of ATPases. The decrease in the degree of adhesion of F. succinogenes in the presence of monensin and lasalocid might be due to modifications of ionic gradients. The proton motive force of the bacterium, which might be an energetic source for different cellular functions, is reduced in the presence of monensin (10, Contrary to what might be expected for a strictly anaerobic bacterium, attachment of R. flavefaciens remains high in the presence of oxygen or in a medium prepared under aerobic conditions in the absence of reducing agent. The almost total inhibition of adhesion in the presence of cysteine in a medium prepared in aerobiosis might be due to the fact that under these conditions, cysteine is transformed into cystine, a highly hydrophobic amino acid, which could therefore compete with the hydrophobic interactions that possibly exist between the bacterium and its specific substrate. The absence of an effect of dithiothreitol in aerobiosis can be explained by the low redox potential still reached.
The effect of a reducing agent might also be explained by the presence of the SH groups.
The adherence process seems to be different for R. flavefaciens and F. succinogenes. The adhesion of the latter is affected by low temperatures, the presence of oxygen, the lack of sodium, and the inhibition of its membrane ATPases. These results suggest that proteins and bacterial cellulases themselves play a part in the adhesion of F. succinogenes. The proteins responsible for adhesion should now be isolated and purified. Several mechanisms appear to be involved in the adhesion of R.flavefaciens, the main one being the interaction between the bacterial cell and the divalent cations Ca2" and Mg2+. Hydrophobic interactions and enzymes may also be involved.
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